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Introduction
The manner in which a protein molecule achieves its unique native state during folding is one of the most dramatic examples of the way in which evolutionary pressure has generated molecules with properties that are able to generate diversity and selectivity in biology. 1 -3 As well as resulting in the efficient production of functional proteins, the folding process is now recognized as being coupled to a variety of other biological processes including protein trafficking and the regulation of the cell cycle. 4 In addition, proteins have evolved to remain soluble in the complex milieu of the crowded biological environment, and to have the ability to interact specifically with their natural partners but not with other molecules. It is increasingly evident that the loss of control and regulation of cellular processes is the origin of a range of pathological conditions. These include amyloidosis and other protein degradation diseases, including many conditions associated with old age such as Alzheimer's and Parkinson's diseases. 3, 5 The manner by which a protein is able to achieve its functional state is beginning to emerge from experimental investigations of the structural changes occurring during protein folding. A more detailed understanding of such processes will shed light not only on how structure is encoded by the fold, but on the principles of the design of biological molecules that enable proteins to fold efficiently rather than to aggregate to species that may prevent completion of the folding process. Although in vivo molecular chaperones and other factors play an important role in controlling aggregation and other aspects of folding, the intrinsic properties of the sequence are likely to be the dominant factor that enables a protein to fold efficiently. It is therefore of particular importance to understand the detailed mechanism of protein folding in vitro, and to identify the fundamental determinants of the folding process.
The combination of kinetic NMR experiments with photo-CIDNP spectroscopy, in which enhanced nuclear spin polarization is generated by a laser flash, represents a powerful approach to characterizing in a direct manner important aspects of the structure of a protein during the folding process. 6 The strength of the photo-CIDNP approach lies not only in its time resolution but also in the reduction in spectral crowding arising from the polarization of only a limited number of residues (tyrosine, tryptophan and, under some conditions, histidine and methionine). Moreover, polarization occurs only when these residues are accessible to the photo-excited dye molecules in the solution, enabling the environment of individual residues to be probed directly in real time as folding takes place. This approach has been used to study the folding of lysozyme 7 and a-lactalbumin in the absence 8 and presence of Ca 2þ ions. 9 The results of these experiments suggest that for both proteins a relatively disorganised collapsed state is initially formed, and that reorganization then occurs to generate the native structure. Experiments of this type are therefore extremely valuable in studying details of folding processes, although care is needed to ensure that intensity effects are correctly interpreted in such complex systems where more than one CIDNP-active residue is present. 10 This consideration prompted us to use the photo-CIDNP approach to study the folding of single-tryptophan mutants of a protein such that the analysis of the CIDNP effects can be carried out for individual tryptophan residues located at selected positions within the overall fold.
The histidine-containing phosphocarrier protein HPr from Escherichia coli is a small 85-residue protein that is well suited to such an approach. The wild-type (WT) protein contains no tyrosine or tryptophan residues, but four phenylalanine residues that are particularly appropriate as mutation sites for replacement by tryptophan. Figure 1 shows a representation of the solution structure of the protein, showing that three a-helices are packed against a four-stranded antiparallel bsheet. 11 Figure 1 also shows the location in the structure of the four phenylalanine residues. The replacement of each of the phenylalanine residues in turn with single tryptophan residues, resulting in four single-tryptophan mutants F2W, F22W, F29W, and F48W, does not result in substantial structural changes, but the presence of the bulkier side-chain leads to localized rearrangements around the mutated site. 31 The tryptophan sidechains are in similar environments to the corresponding phenylalanine side-chains in the WT structure, with that of residue 48 completely solvent accessible, those of residues 2 and 29 partially buried, and that of residue 22 completely buried in the core of the protein, inaccessible to the solvent. Replacement of the phenylalanine residues associated with the hydrophobic core of the protein, particularly those at positions 22 and 29, results in lower stability, most likely as a result of the introduction of the larger sized tryptophan side-chain that disrupts slightly the optimal packing of the core. 31 Figure 1 shows in addition the two histidine residues in HPr; His15 in the active-site is fully exposed to the solvent, while the His76 is less accessible. These residues were not mutated in the present study but act as reporters of the overall exposure of the tryptophan residues as we show below.
Here, we show that the aromatic tryptophan side-chains become inaccessible to solvent during the initial stages of folding of HPr, in some cases by forming non-native contacts that have to be broken in order to form the final native state structure. Results from fluorescence anisotropy and quenching studies are fully consistent with these photo-CIDNP observations and provide evidence for a rigid and relatively non-specific collapse of the The side-chains of the four phenylalanine residues that were mutated in the present study, and the two histidine residues, are shown. Each of the four mutants studied here contains a single tryptophan residue, two histidine residues, and no tyrosine residues. protein driven by the energetic advantage of sequestering the hydrophobic residues from solvent. At a later stage in folding the acquisition of native-like structure in the protein results in the exposure of certain hydrophobic groups, e.g. the aromatic residue at position 48, where they are able to perform their role in enabling HPr to transfer a phosphoryl group from the cytoplasmic to the membrane-bound enzyme (enzyme I and II, respectively) that results in the phosphorylation and transport of carbohydrates across the cell membranes of bacteria. 12 
Results
Photo-CIDNP of native and denatured states of mutants and wild-type HPr Figure 2 shows the photo-CIDNP NMR spectra of WT HPr and the four single-tryptophan mutants in their native and fully unfolded (6 M guanidine hydrochloride, GdnDCl) states. The possibility of creating polarisation is limited to the single tryptophan and the two histidine residues, and only occurs when these residues are accessible to the photo-excited flavin molecules. When more than one side-chain is able to react with excited flavin dye (e.g. histidine and tryptophan in native F48W HPr), the CIDNP intensities of both amino acids depend critically on their ability to compete for the low concentration of triplet flavin radicals. 10 Excited flavin molecules can be quenched by (i) reaction with molecular oxygen, (ii) reaction with exposed histidine residues, or by (iii) reaction with the exposed tryptophan residue. The magnitudes of the second order rate constants for the reaction of histidine and tryptophan residues with excited flavin dye, k His and k Trp ; respectively have been estimated for the free amino acids by both transient absorption 13 -15 and binary photo-CIDNP competition experiments. 10 In both cases it was found that k Trp is very much larger than k His (40:1 in experiments carried out under conditions similar to those utilized in the present study 10 ).
The native state spectra of all the mutant proteins show relative intensities for the tryptophan and histidine resonances in the CIDNP spectra that are consistent with the relative positions of the phenylalanine residues in the three-dimensional structure of the WT protein (see Figure 1 ). These observations are in agreement with previous results from activity measurements, NMR experiments, and steady-state and time-resolved fluorescence measurements where it was found that the replacement of the phenylalanine residues with tryptophan at the various sites in HPr did not result in any substantial structural changes, but only localized rearrangements around the mutated sites. 31 In the denatured states of all four mutant proteins, the tryptophan residue in each case is fully exposed, consistent with a random coil model for an unfolded state, and competes so efficiently for the flavin dye so that no histidine signals are observed. However, when the tryptophan side-chain is partially (native F29W) or completely buried (native F22W) in the hydrophobic core of the protein, the histidine residues can compete successfully for the flavin dye and their resonances are detectable in the corresponding spectra. The native state spectra of F48W and of F22W show the two extreme cases: signals only from tryptophan are observed when both the histidine and tryptophan residues are exposed to the solvent (F48W), and signals only from histidine are observed when the tryptophan side-chain is completely buried in the core (F22W) or absent (WT Figure 2 . Photo-CIDNP spectra of the four singletryptophan mutants of HPr and of the WT protein. Only the aromatic regions are shown. Polarization is limited to tryptophan and histidine residues, and can occur only when these residues are accessible to the photoexcited flavin molecules in solution, enabling the environment of individual residues to be probed directly. Spectra were recorded either in the absence (left panel) or presence (right panel) of 6.0 M GdnDCl. Differences in signal-to-noise are due to differences in protein concentrations used.
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HPr). In the native CIDNP spectra of the WT protein (and the F22W mutant), the intensities of the His15 resonances are larger than those of His76 in accord with the greater accessibility of the former. Upon denaturation, however, both histidine residues become fully exposed to the solvent and show similar CIDNP intensities and chemical shifts in the spectrum of the WT protein.
Photo-CIDNP spectra recorded during refolding Figure 3 shows CIDNP spectra of the four mutant proteins at two different times after the initiation of refolding by dilution from a high concentration of GdnDCl at 20 8C. Also shown are the spectra of the corresponding native and fully denatured (in 6.0 M GdnDCl) states. After 500 ms, refolding is essentially complete as expected from the refolding rates ranging from 2.86 s 21 to 3.80 s 21 for the various mutants, 31 and the spectra are almost identical to those of the corresponding native states (except in the case of F22W, see below). On the basis of a cooperative two-state folding model, in which folding proceeds from a fully denatured state directly to the native state, one would expect a series of spectra that correspond to weighted averages of the corresponding spectra of these two states at each time point during folding. In the spectra recorded after 50 ms of folding, e.g. that of F48W, one can indeed observe tryptophan signals corresponding to the fully denatured state and the native state. In addition, however, the spectra show signals with similar intensities that can be attributed to those of one or both of the histidine residues. The CIDNP intensity for a given residue is determined by the result of a competition between the three processes mentioned above:
where p His and p Trp are the polarisations of histidine and tryptophan produced per radical pair in the absence of competition; k His and k Trp are the second order rate constants for reaction of histidine and tryptophan with excited flavin respectively, and k q is the (pseudo-) first order rate constant for the decay of an excited flavin molecule by processes that include quenching by molecular oxygen; and [His] and [Trp] are the concentrations of the exposed side-chains of histidine and tryptophan, respectively. By taking the ratio of these two Figure 3 . Kinetic refolding of the four mutants monitored by photo-CIDNP NMR spectroscopy at 20 8C. The kinetics were followed after a ten-fold dilution into buffer solution at pH 7.0 from 6.0 M GdnDCl. For each mutant, the figure shows spectra of the denatured state (bottom) and native state (top), and kinetic spectra recorded 50 ms and 500 ms after the initiation of refolding. expressions, one obtains: 
The small histidine polarization (, 5%) predicted by equation (4) is consistent with the spectra measured for all four denatured states of the mutant proteins (see Figure 2 ). On the other hand, in the 50 ms refolding spectrum of F48W the intensities of the histidine and tryptophan CIDNP signals are comparable (i.e. I His < I Trp ), which suggests from equation (3):
and therefore indicates that a dramatic change in the relative exposures of the histidine and tryptophan residues occurs between the unfolded state and the kinetic intermediate state detected here. The 50 ms CIDNP spectra recorded during the refolding of F2W and F29W also show additional intense histidine signals, as observed in the case of F48W. The CIDNP spectra recorded during the refolding of F22W, however, show no evidence of the transient histidine peaks seen for the other three mutants. In addition, the rate of appearance of the signals of His15 in the native state protein during refolding is also somewhat slower than in the case of F2W and F29W. These observations may be connected with the absence of an exposed tryptophan side-chain in the native state (all other mutants show at least some tryptophan CIDNP intensity in their native states). Indeed, simulations of the CIDNP kinetics using equations (1) and (2) show that the competition of a rapidly reacting tryptophan in the denatured state with a slowly reacting histidine ðk His ¼ k Trp =40Þ in the native state leads to the slow appearance of the native state CIDNP signals (data not shown). Figure 4 shows the refolding of F48W at low temperature (5 8C) as monitored by photo-CIDNP spectroscopy, and again shows the appearance of intense histidine signals in the earlier time points that gradually disappear with a time dependence similar to that observed for the peaks of the denatured state as folding proceeds to the native state. The quality and time resolution of the results at this temperature, however, enable quantitative information concerning the rates of folding to be extracted. The CIDNP intensity ratio of the b-CH 2 signals of the native and intermediate states as a function of the refolding time t was fitted to equation (10) in Materials and Methods ( Figure  4(B) ). Intensities were estimated by multiplying the widths and heights obtained for each wellresolved peak using a fitting procedure that assumes a Lorentzian line shape.
As illustrated in Figure 4 , the error increases dramatically with refolding time, and time points beyond t ¼ 6 seconds were therefore not included in the fitting procedure. This procedure yields a value for the time constant of 7^0.6 seconds, a value in good agreement with values obtained for the WT protein by real-time NMR (t of 8.3 seconds) and ANS fluorescence (t of 8.4 seconds) at the slightly lower temperature of 2.8 8C. 17 It is interesting to note that by using short 50 ms flashes, and limiting their number to , 16, significant decay of CIDNP intensity due to progressive flavin degradation does not seem to occur in these experiments as significant degradation of the flavin would be observed as a progressive decay in the intensities of the native tryptophan signals in the range of refolding times from , 2 seconds onwards. In fact these signals hardly change at all during this interval, despite repeated light flashes.
Refolding followed by stopped-flow fluorescence intensity and fluorescence anisotropy measurements
Refolding of F48W
The dramatic change in the relative exposures of the histidine and tryptophan residues between the unfolded state and the kinetic intermediate state of F48W detected in the real-time photo-CIDNP experiments prompted us to study the folding of the F48W mutant in more details by measuring the intensity and anisotropy of the tryptophan fluorescence using stopped-flow methods. Kinetic traces for the refolding of F48W are shown in Figure 5 .
The values of the fluorescence intensity and anisotropy for the native state of F48W are in good agreement with steady state measurements. 31 Indeed, the fluorescence anisotropy of the native state of F48W is very low, in accord with the location of this residue on the surface of the protein, projecting into the solvent with essentially unrestricted rotational mobility.
Interestingly, the anisotropy trace of F48W changes during refolding from an initial value of 0.046 to the native state value of 0.038 ( Figure 5 ). This change corresponds to an increase in the mobility of the probe as the folding proceeds, a result that is opposite to that expected if the protein were transforming from a disordered unfolded state towards a more highly structured native state.
To investigate this further, we have calculated the expected fluorescence intensity and fluorescence anisotropy values of the unfolded state under the refolding conditions (see Materials and Methods), and compared these to the values extrapolated to the initiation of the refolding process. The results provide clear evidence that substantial changes occur in the dead-time of the refolding experiment. The fluorescence intensity of the state formed immediately after the initiation of refolding is significantly higher than that of the unfolded state, with an increase corresponding to 21% of the total observed kinetic change during the entire refolding process. Besides, the fluorescence anisotropy of the fully unfolded state (indicated by an arrow in Figure 5 ) is lower than that of the native state. It has also been found that the anisotropy decreases during the unfolding of F48W (data not shown), as it does during the refolding.
Taken together, these results therefore indicate that the earliest fluorescence and anisotropy values acquired in the stopped-flow experiment are those of a burst-phase intermediate, which has formed from the unfolded state within the dead-time of the experiment. The anisotropy measurements reveal that the mobility of the tryptophan residue at the position 48 is more restricted in this intermediate than in the native state. These observations are consistent with the partial burial of the side-chain of tryptophan residue 48 during the initial stages of folding observed in the photo-CIDNP experiments.
Refolding of the other single tryptophan mutants
The results obtained by stopped-flow fluorescence anisotropy during the kinetic refolding of the F48W mutants prompted us to investigate the refolding of the other single tryptophan mutants by the same technique. The results are illustrated in Figure 6 .
The time dependence of the anisotropy values for the different mutants provides important information about the formation of native-like states during folding. Thus, although the native states all have different values of their anisotropy, reflecting the different positions of the four residues in the structure, 31 the refolding traces reveal that all tryptophan residues display similar anisotropy levels directly after the initiation of the refolding (Figure 6 ). This shows that the motion of each tryptophan residue in the mutant proteins is restricted to a similar degree after a few ms, suggesting that there is low structural specificity of this burst phase intermediate. It is therefore likely that this intermediate resembles a collapsed state where the various hydrophobic tryptophan residues are buried to a significant extent from the solvent, before any persistent secondary structure is formed.
Fluorescence quenching confirms the existence of a burst phase collapsed state
Fluorescence quenching has been monitored during the folding of a large number of proteins, such as hen lysozyme 18 and TEM-1 b-lactamase. 19 These experiments, like the photo-CIDNP measurements, probe the degree of exposure to solvent of tyrosine and tryptophan side-chains. In the case of the single-tryptophan mutants of HPr, we have the opportunity to obtain specific local information by monitoring the extent of fluorescence quenching of individual residues during refolding. Figure 7(A) shows the fluorescence signal of F48W during refolding in the presence of increasing amounts of sodium iodide, between 0 mM and 300 mM, at constant ionic strength. The presence of iodide ions causes the native state fluorescence of F48W to be very efficiently quenched, consistent with the exposed location of the probe in the structure (see Figure 1 ). The burst-phase intermediate is quenched to a lesser extent, as can be seen from the change from a initial increase in fluorescence to a initial decrease in fluorescence as the iodide concentration is raised.
In order to measure the extent of quenching in these different states, a Stern -Volmer plot was constructed, Figure 7(B) . Using a simple collision model that predicts a linear relationship between the quencher concentration, [Q], and the reciprocal of the fluorescence intensity, one obtains F 0 =F ¼ 1 þ K sv ½Q; where F and F 0 are the intensities in the presence and absence of quencher, respectively, and K sv is the effective quenching constant, the ratio of the rate constant of collisional quenching to the unquenched fluorescence rate constant. 18 The burst-phase intermediate shows a smaller quenching constant ðK sv ¼ 7:7 M 21 Þ than does the native state ðK sv ¼ 12:8 M 21 Þ corresponding to an increase in tryptophan accessibility as the intermediate converts into native state. This conclusion Figure 5 . Stopped-flow fluorescence and fluorescence anisotropy traces of the refolding of F48W of HPr in 0.54 M GdnHCl at 20 8C and pH 7.0. The two kinetic traces were fitted simultaneously to a reaction scheme involving two states as described previously. 31 The predicted fluorescence intensity and fluorescence anisotropy values of the unfolded state calculated for the refolding conditions are indicated by arrows (see Materials and Methods).
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is in agreement with the exclusion from solvent of Trp48 in the initial stage of folding as observed in the photo-CIDNP experiments, and the lower mobility of this state derived from the fluorescence anisotropy measurements.
Discussion
The combination of real-time NMR measurements with photo-CIDNP methods represents a powerful approach for characterizing directly structural changes taking place in a protein during folding. The photo-CIDNP results presented here indicate that after the initiation of the refolding reaction, HPr collapses around at least three (2, 29, and 48) out of four tryptophan side-chains, making them less accessible to the flavin dye to an extent that the histidine residues at position 15 and/or 76 can compete effectively for the dye and become polarized. The behaviour of F48W is particularly interesting and is illustrated schematically in Figure 8 . In both the fully denatured and native states, the tryptophan side-chain is exposed and can react sufficiently rapidly with the excited state of the flavin dye that the histidine residues acquire negligible polarisation even if both these residues are also exposed. In the species formed once refolding is initiated, however, the tryptophan residue is partially buried, allowing one or both histidine residues to react with the flavin dye and become polarized. Iodide fluorescence quenching experiments with the F48W mutant (Figure 7) show that the quenching is less efficient for the intermediate state formed in the dead-time of the stopped-flow experiment than for the native state. These results are consistent with the formation of a collapsed compact denatured state put forward to explain the photo-CIDNP data. Further evidence for a collapse of structure around the tryptophan side-chain comes from fluorescence anisotropy measurements ( Figure 5 ). These data show that the tryptophan side-chain of the F48W mutant has lower mobility in the burst phase species than in both denatured and native states, a result consistent with the observations from the photo-CIDNP and fluorescence quenching studies.
The very rapid hydrophobic collapse observed within a few ms after the initiation of refolding is likely to occur because of favourable free energy . Diagram summarizing the observed photo-CIDNP behaviour for F48W. Only one histidine residue is shown for simplicity. In both denatured (left) and native (right) states, the tryptophan side-chain is exposed and reacts so efficiently with the flavin dye that the histidine residue is not measurably polarized even though exposed. In the collapsed state (middle) the tryptophan side-chain is partially buried, allowing the histidine residues to react and become polarized. associated with the burial of hydrophobic residues once the concentration of GdnHCl is reduced. It is interesting, however, that the burial of some residues at early stages of the folding process, even though it involves non-native contacts, could be important to reduce the propensity of the protein to aggregate by reducing the exposed hydrophobic surface area. In the native state, the energetics of side-chain packing allows the exposure of a number of specific hydrophobic residues for functional purposes. Indeed, the exposed phenylalanine residue at position 48 in HPr is involved in binding to the cytoplasmic and membrane-bound enzymes (enzyme I and II, respectively) to mediate the transfer of a phosphoryl group between the two enzymes. 20, 21 The photo-CIDNP data presented here are similar to the observation for lysozyme where functionally important tryptophan residues are buried initially but emerge when the native state is formed. 7 This observation, and the related finding that non-native interactions are present in denatured lysozyme, involving the active site residue Trp62, 22 have also been explained in terms of the burial during the initial stages of folding of hydrophobic residues, which are functionally important in the native state, in order to prevent aggregation. Radford and co-workers have recently observed similar events during the folding of a small helical protein, Im7, where it was found that two hydrophobic leucine residues initially get buried in the intermediate state, and later become exposed to the solvent in the native state, where they play a key role in binding to the endonuclease domain of the bacterial toxin colicin E7. 23 The results presented here therefore provides insight into a phenomenon that could be rather general, and support the idea that the sequence of a protein codes for a range of characteristics of other than those that are required simply to stabilize the native fold.
Materials and Methods

Protein production
The production, purification and characterization of the four single-tryptophan mutants F2W, F22W, F29W, and F48W and the WT HPr were carried out as described elsewhere. 31 
Photo-CIDNP methods
Equilibrium photo-CIDNP experiments
Spectra were obtained essentially as described previously. 7, 24, 25 Blue -green light (4 W) from a continuous-wave argon ion laser (Spectra Physics Stabilite 2016-05) was chopped into 100 ms pulses by a mechanical shutter controlled from a home-built 600 MHz spectrometer located at the Oxford Center for Molecular Sciences. The light was introduced into the NMR tube via an optical fiber (diameter 1 mm), the end of which was held 4 mm above the top of the NMR coil, inside a coaxial insert (Wilmad WGS 5BL) dipping into the solution. 26 Flavin mononucleotide (0.2 mM) was used as photosensitiser in all experiments.
Real-time photo-CIDNP experiments
The rapid injection device used for all real-time photo-CIDNP experiments was similar to that described earlier. 6, 7, 27 To enable rapid transfer of denatured protein into the NMR tube, a thin (0.5 mm internal diameter) PTFE tube was introduced into the sample via a small hole in the coaxial insert and connected to a pneumatically driven syringe outside the magnet. The syringe was embedded in a solid PTFE block to absorb mechanical shock and was mounted on an aluminium support along with the pneumatic triggering system. The syringe and PTFE transfer line were washed several times with 2 H 2 O, and a small amount (50 ml) of denatured protein was taken up into the end of the transfer line. The NMR tube was then filled with refolding buffer solution (500 ml) and the coaxial insert with optical fiber and PTFE tubing was carefully placed into the NMR tube until both the insert and tubing dipped below the surface of the buffer solution, 4 mm above the top of the NMR coil. With this arrangement, no significant loss in field homogeneity was observed and adequate line widths were easily obtained. Shimming and tuning were first performed on a separate sample with the denatured protein injected into the refolding buffer and then left unchanged for further experiments.
In each refolding experiment a 10 bar, 30 ms injection pulse was used to initiate folding. After an initial recovery delay (i.e. greater than or equal to 50 ms) a hard 908 radiofrequency pulse and field gradient pulse were applied to destroy all background magnetization. A 50 ms laser flash was then applied to generate polarisation in exposed aromatic side-chains and a CIDNP spectrum was acquired. When folding was fast (e.g. at 20 8C, where k obs , 3 s 21 ) the entire process was repeated with a new sample and a different initial delay to obtain the time-dependence of the spectrum. When folding was sufficiently slow (e.g. at 5 8C, where k obs , 0:1 s 21 ) a series of CIDNP spectra were acquired following a single injection with the delay between CIDNP spectra limited by the spectral acquisition time (. 250 ms). All spectra were the result of the acquisition a single free induction decay (FID).
The quality and time resolution of the results at low temperature enabled quantitative information concerning the rates of folding to be extracted. After the initial formation of the intermediate state, folding proceeds in a cooperative two-state process to the final native state. The system can be treated as a binary mixture in which the concentrations of intermediate (I) and native (N) states as a function of refolding time t are given, respectively, by:
½I / e 2t=t and ½N / 1 2 e 2t=t ð6Þ
where t is the folding time constant. The competition for the flavin dye at any time will therefore be between exposed residues in both the intermediate and native states, and between these and any other existing quenching mechanism. If an arbitrary number n of potentially CIDNP active residues are present in the protein, the CIDNP intensity C I l for a given residue l in 
where k q is the (pseudo-) first order rate constant for the decay of triplet flavin by fluorescence and/or quenching by molecular oxygen and k N i and k I i are the second order rate constants for quenching of triplet flavin by residue i in the native and intermediate state, respectively. Similarly, the CIDNP intensity for residue j in the native state will be given by:
These two equations illustrate the complexity introduced into the interpretation of CIDNP intensities by competition for the excited flavin molecules. The situation can be simplified somewhat by taking the ratio of equations (8) and (7) to give:
and finally, by inserting expressions from equation (6) and simplifying, one obtains:
By plotting the CIDNP intensity ratio of any peak in the native state and any peak in the intermediate state against the refolding time t and fitting the data with equation (10) one can extract a value for the folding time constant t.
Stopped-flow fluorescence, fluorescence quenching and anisotropy measurements
Stopped-flow fluorescence experiments were carried out using a BioLogic SFM3 mixer (BioLogic, Claix, France) with a 2 mm £ 2 mm cell (BioLogic FC-20) and a BioLogic PMS 400 detection system. The experimental details have been described previously. 31 The fluorescence intensity and fluorescence anisotropy levels of the unfolded F48W mutant protein in the final refolding conditions were calculated by taking measurements in 4, 5 and 6 M GdnHCl, and extrapolating these to the final refolding conditions (0.54 M GdnHCl). This method accounts for the effect of GdnHCl concentration on the fluorescence intensity in the absence of conformational changes, 18, 28 and for the effect of GdnHCl concentration on fluorescence anisotropy that are likely the result from changes in the viscosity of the solutions. 29 
